We studied the magnetoresistance of normal metal (NM)/ferromagnet (FM) bilayers in the linear and nonlinear (current-dependent) regimes and compared it with the amplitude of the spin-orbit torques and thermally induced electric fields. Our experiments reveal that the magnetoresistance of the heavy NM/Co bilayers (NM = Ta, W, Pt) is phenomenologically similar to the spin Hall magnetoresistance (SMR) of YIG/Pt, but has a much larger anisotropy, of the order of 0.5 %, which increases with the atomic number of the NM. This SMR-like behavior is absent in light NM/Co bilayers (NM = Ti, Cu), which present the standard AMR expected of polycrystalline FM layers. In the Ta, W, Pt/Co bilayers we find an additional magnetoresistance, directly proportional to the current and to the transverse component of the magnetization. This so-called unidirectional SMR, of the order of 0.005 %, is largest in W and correlates with the amplitude of the antidamping spin-orbit torque. The unidirectional SMR is below the accuracy of our measurements in YIG/Pt. 1 arXiv:1510.06285v1 [cond-mat.mes-hall] 
The interconversion of charge and spin currents is a central theme in spintronics. In normal metal (NM)/ferromagnet (FM) bilayers, the conversion of a charge current into a spin current driven by the spin Hall (SHE) 1 and Rashba-Edelstein effects 2 leads to strong spinorbit torques (SOT), [3] [4] [5] [6] [7] [8] [9] [10] [11] which are widely studied for their role in triggering magnetization switching 7, 12, 13 , magnetic oscillations 14 , and related applications. 15, 16 Additionally, it has been shown that the spin currents induced by a charge current can have a significant backaction on the longitudinal charge transport, leading to changes of the resistance of NM/FM bilayers that depend on the relative orientation of the magnetization in the FM and spinorbit coupling (SOC) induced spin accumulation in the NM.
17-23
A direct unequivocal demonstration of such a back-action effect is the spin Hall magnetoresistance (SMR) reported for FM insulator /NM bilayers, namely YIG/Pt and YIG/Ta, [17] [18] [19] [20] [21] in which complications due to the anisotropic magnetoresistance (AMR) of metallic FM are either absent or restricted to proximity effects in the NM. 24 For a charge current directed along x, the SMR is proportional to m 2 y , the square of the in-plane component of the magnetization transverse to the current, and is typically of the order of 0.01-0.1 % of the total resistance. In the simplest spin diffusion model, the SMR is associated to the reflection (absorption) of a spin current at the NM/FM interface when the spins are collinear (orthogonal) to the FM magnetization, leading to an increase (decrease) of the conductivity due to the inverse SHE in the NM layer.
17 SMR-like behavior has been observed also in all metal NM/FM systems such as Pt/Co/Pt, Pt/NiFe/Pt, Pt/Co, Ta/Co, and W/CoFeB layers. 22, [25] [26] [27] [28] In this case, however, the SMR cannot be easily singled out due to the AMR of the FM and magnetoresistive contributions induced by spin scattering at the NM/FM interface independent of the SHE.
25
Recently, an additional magnetoresistance has been reported in Pt/Co and Ta/Co bilayers, which depends in magnitude and sign on the product (j ×ẑ) · m, where j is the current density and m the unit vector of the magnetization in the FM. 22 This expression describes a resistance that depends linearly on the applied current and m y (Fig. 1a) , and is therefore a nonlinear effect as opposed to the SMR and AMR, which are both current-independent and proportional to m is associated to the modulation of the NM/FM interface resistance due to the SHE-induced spin accumulation, similar to the mechanism leading to the current-in-plane giant magne-toresistance in FM/NM/FM multilayers, but orders of magnitude smaller. 22 The USMR depends on the thickness of the NM and is about 0.002-0.003 % of the total resistance in Ta/Co and Pt/Co for j = 10 7 A/cm 2 . An analogous effect has been reported in paramagnetic/ferromagnetic GaMnAs bilayers, where the USMR is significantly larger (0.2 % for j = 10 6 A/cm 2 ) due to the much smaller conductivity of semiconductors relative to metals.
23
These studies reveal that nonlinear phenomena must be taken into account to achieve a full description of the charge-spin conversion in NM/FM systems. New insight may be gained by comparing such effects to the magnetoresistance and SOT, particularly on the nature of the interface resistance, spin accumulation, and material parameters governing them. Further, the USMR offers a way of detecting the magnetization direction of a single FM layer using a two terminal geometry that is otherwise not accessible by conventional magnetoresistance effects. Understanding the role of different NM and FM and searching for systems with larger USMR is a prerequisite to achieve these goals.
Here, we study the magnetoresistance of NM/FM bilayers where the NM has both weak (Ti, Cu) and large (W, Ta, Pt) SOC, as well as low (Cu, Pt) and high (Ti, W, Ta) resistivity.
We find that both the SMR-like magnetoresistance and nonlinear USMR are larger in the strong SOC materials, reaching 0.5 % and 0.004 % of the total resistance, respectively. The The second harmonic signals, reported in the lower panel of Fig. 2b , reveal another striking difference between light and heavy NM systems, namely the presence of a nonlinear resistance in W/Co, which is absent in Cu/Co. We observe that R 2ω has a large variation (±13.4 mΩ) in the xy and zy planes and negligibly small variation in the zx plane. R 2ω is found to be proportional to m y once incomplete saturation of the magnetization in the zy plane is taken into account (due to the competition between the demagnetizing field of Co and the external field). This signal is compatible with both the USMR and a thermomagnetic contribution due to the anomalous Nernst effect (ANE) for a temperature gradient ∇T z. 22 In a recent work we have shown that asymmetric heat dissipation towards the air and substrate side gives rise to such an out of plane temperature gradient in NM/FM bilayers, which is more pronounced when the conductivity of the top layer is larger than that of the bottom layer, 34 as is the case in W/Co. The ANE signal, however, can be accurately quantified by Hall resistance measurements and separated from the USMR.
22
By saturating the magnetization along x we have quantified the transverse ANE resistance as 0.97 mΩ. Since the ANE is due to an electric field E ∇T ∝ ∇T × m, we calculate its longitudinal contribution by using the ratio between the longitudinal and transverse resistance (∆R ω /∆R H ω ≈ l/w), which gives 4.09 mΩ, about 30% of the total R 2ω shown in Fig. 2b . We thus deduce an USMR value in the W/Co bilayer of R U SM R 2ω = 9.3 mΩ and the USMR ratio ∆R U SM R /R = 0.004 %, where
(−m y ).
The same procedure was used to estimate the ANE and USMR of all the bilayers studied in this work.
The values of ∆R U SM R /R and E ∇T obtained for different NM are compared in Fig.4a and b. We find that the USMR is about a factor two (three) larger in W/Co with respect to Ta/Co (Pt/Co), and has opposite sign in Ta/Co and W/Co relative to Pt/Co. Although the amplitude of ∆R U SM R /R depends on the ratio between the thickness of the NM, t N M , and the spin diffusion length, λ N M , 22 the similar λ N M of Ta, W, and Pt indicates that the USMR is strongly enhanced in W, which we associate to the larger spin Hall angle of β-phase W relative to Ta and Pt. 35 Contrary to the USMR, we find that the ANE scales with the resistivity of the layers independently of the SOC in the NM. The ANE-induced electric field is of the order of 1 V/m for Ti, Ta, and W, all of them highly resistive metals with ρ exceeding 100 µΩ·cm, whereas negligible ANE signals are detected in NM with low resistivity, where the current is shunted towards the NM side of bilayer. This indicates that the dominant ANE contribution comes from "bulk" Co and is largest when the current flows through the top FM layer.
As noted in the introduction, the spin currents induced by charge flow are responsible for the USMR as well as SOT. In the following, we compare the magnitude of these effects in different layers. The antidamping and field-like SOT, T AD and T F L , were measured using harmonic Hall voltage analysis, 8, 9 carried out simultaneously with the resistance measurements.
The details of such measurements in samples with in-plane magnetization are outlined in Ref. 34 . Figure 4a evidences a clear correlation between T AD and ∆R U SM R /R in W/Co and Pt/Co, and, to a lesser degree, in Ta/Co. Both quantities have negligible amplitude in the light NM, as expected due to the small SOC of these systems. Assuming that T AD is driven by the SHE of the NM and a transparent interface, the torque amplitude can be expressed as an effective spin Hall angle
is the saturation magnetization of Co, t N M = 6 nm, λ W = 1.6 nm, λ P t = 1.1 nm, and λ T a = 1.5 nm. 22, 27 We thus obtain θ SH (W)= 0.33 ± 0.05, θ SH (Pt)= 0.10 ± 0.02, and θ SH (Ta)= 0.09 ± 0.02, comparable to previous reports.
8,12,35,36
The correspondence between the USMR and θ SH of W shows that materials with large spin Hall angles are required to enhance this effect. The fact that ∆R U SM R /R of Pt is smaller than Ta whereas θ SH (Pt)> θ SH (Ta), on the other hand, is attributed to the dilution of the USMR in highly conducting NM layers when t N M > λ N M , 22 as is the case here for t N M = 6 nm, although other effects may also play a role, such as spin memory loss at the NM/FM interface. 37 Additionally, we observe that T F L is much smaller than T AD in the heavy NM, as expected when the thickness of the FM exceeds ∼ 1 nm, 9,34 and has no apparent relationship to the USMR. The latter observation suggests that the USMR depends mainly on the real part of the spin mixing conductance, which is proportional to T AD , similar to the SMR.
17
Finally, we show that the USMR is absent when the FM is an insulator such as YIG, as expected by analogy to the current-in-plane giant magnetoresistance. We use YIG/Pt as a model FM insulator/NM system with well-characterized SMR and thermomagnetic properties, [17] [18] [19] [20] and show that no significant USMR signal can be detected in this system. 
19,38
The second harmonic resistances, R 2ω and R H 2ω , are shown in Fig. 5c and d . The angular variation of R 2ω in the xy plane is about a factor ten smaller relative to R ω and is proportional to m y = sin ϕ. This signal has the symmetry expected of the USMR as well as the spin Seebeck effect (SSE) due to an out of plane thermal gradient. 20, 39 Similar to the ANE in FM metals, the SSE voltage appears in the longitudinal channel when m y and in the transverse channel when m x. Accordingly, we observe that R H 2ω is proportional to m x = cos ϕ in Fig. 5d and estimate the electric field due to the SSE as E ∇T = 0.68 V/m.
We can thus calculate the thermal contribution to R 2ω by rescaling the transverse resis- x y s c a n z x s c a n z y s c a n Nonlinear longitudinal resistance (c) and transverse resistance (d). The curve in (c) is an average over twenty consecutive measurements to improve the signal-to-noise ratio.
